Abstract: Charcot-Marie-Tooth disease is the single most common diagnosis associated with cavus foot. The imbalance involving intrinsic and extrinsic muscles has been suggested as the main pathogenetic cause of cavus foot in this disease. The goal of surgical treatment is to correct the deformity to obtain a plantigrade foot. In the presence of a flexible deformity and the absence of degenerative arthritis, preserving as much as possible of the overall range of motion of the foot and ankle is advisable. Twenty-four cavus feet in twelve patients with Charcot-Marie-Tooth disease were included in the study. Clinical evaluation was summarized with the Maryland Foot Score. Radiographic evaluation assessed calcaneal pitch, Meary angle, Hibb angle, and absence of degenerative joint changes. Only patients who had a flexible deformity, with varus of the heel reducible in the Coleman-Andreasi test, and did not have degenerative joint arthritis were included in this study. Surgical treatment consisted in plantar fasciotomy, midtarsal osteotomy, extensor hallucis longus tendon transfer to the first metatarsal (Jones procedure), and dorsiflexion osteotomy of the first metatarsal. Mean follow-up was six years (range, two to thirteen years). The mean Maryland Foot Score was 72 preoperatively and 86 postoperatively. The postoperative result was rated as excellent in twelve feet (50%), good in ten (42%), and fair in two (8%). Mean calcaneal pitch was 34°preoperatively and 24°at the time of the latest follow-up, the mean Hibb angle was 121°preoperatively and 136°p ostoperatively, and the mean Meary angle was 25°preoperatively and 2°postoperatively. Plantar fasciotomy, midtarsal osteotomy, the Jones procedure, and dorsiflexion osteotomy of the first metatarsal yielded adequate correction of flexible cavus feet in patients with Charcot-Marie-Tooth disease in the absence of fixed hindfoot deformity. The fact that the improvement in the outcome score was only modest may be attributable to the lack of motor balance.
C avus foot is a deformity characterized by an excessively high longitudinal plantar arch caused by a dorsiflexed and varus heel and a plantar flexed forefoot, frequently associated with claw deformity of the toes 1 . Its prevalence in the general population is estimated to be 10% 2 . It has been reported that approximately one-third of patients with an apparently idiopathic cavus foot actually exhibit detectable signs of a neurological disorder, and an apparently idiopathic cavus foot is therefore often likely to represent the main clinical expression of an underlying neurological disorder 3 . Charcot-Marie-Tooth Disclosure: None of the authors received payments or services, either directly or indirectly (i.e., via his or her institution), from a third party in support of any aspect of this work. None of the authors, or their institution(s), have had any financial relationship, in the thirty-six months prior to submission of this work, with any entity in the biomedical arena that could be perceived to influence or have the potential to influence what is written in this work. Also, no author has had any other relationships, or has engaged in any other activities, that could be perceived to influence or have the potential to influence what is written in this work. The complete Disclosures of Potential Conflicts of Interest submitted by authors are always provided with the online version of the article. disease (CMT) is the single most common diagnosis associated with cavus foot and should be considered in every patient presenting with a cavus foot 4 . CMT is a hereditary sensory-motor neuropathy of the peripheral nervous system, with an estimated prevalence of 17 to 40 per 100,000 5 . Patients with CMT experience symmetrical, slowly progressive distal motor neuropathy, usually 18, 2015 beginning in the first to third decade and resulting in weakness and atrophy of the muscles. Assessing muscular trophic changes and muscular imbalance, through clinical and neurological evaluation, is crucial to recognizing CMT. Electromyography can support the diagnosis of CMT, which may be confirmed with molecular analysis and further categorized as one of the several genetic patterns 6 (Table I) . Approximately 90% of patients with CMT present with a cavus foot. The prevalence of CMT is five times greater in men than in women. Notably, the prevalence of the disease is 78% in patients with bilateral cavus feet 4 . Muscular imbalance involving both intrinsic and extrinsic muscles has been suggested as the main etiology of CMT 3, [6] [7] [8] [9] . In a cavus foot in a patient with CMT, the activity of the peroneus longus is greater than that of the tibialis anterior, resulting in pathologic plantar flexion of the first ray. Moreover, the activity of the peroneus brevis is reduced and it is weaker than that of the tibialis posterior, leading to impairment of eversion and progressive heel varus 1, [7] [8] [9] [10] . Fibrosis and shortening of the plantar fascia contribute to elevation of the plantar arch 8 . Finally, recruitment of the extensor hallucis longus and extensor digitorum longus as accessory dorsiflexors, to balance the weakness of the tibialis anterior, could lead to cock-up deformity of the first metatarsophalangeal joint and clawing of the lesser toes 1, 11 . The persistent plantar flexion of the first ray and the weakness of the peroneus brevis lead to secondary varus of the heel and a progressively abnormal gait due to a "tripod effect" characterized by weight-bearing localized under the heel and the heads of the first and fifth metatarsals 8, 9, [11] [12] [13] [14] . Clinically, patients present with lateral ankle instability, hyperkeratosis under the metatarsal heads, metatarsalgia, shoe wear problems, and adaptive secondary joint positions. Persistent muscular imbalance during growth leads to a progressively stiffer deformity-initially as a result of shortening, atrophy, and fibrosis of the muscles, and later as a result of joint and osseous changes occurring first at the subtalar and midtarsal joints and then at the ankle 9, 11 . The goal of surgical treatment is to obtain a plantigrade foot. In the presence of a flexible deformity and the absence of degenerative arthritis, preserving as much as possible of the overall range of motion of the foot and ankle is desirable. Many surgical techniques have been described for correcting the characteristics of the cavus foot 1, [10] [11] [12] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . The aim of this study was to present the results of surgical treatment of flexible cavus foot deformity secondary to CMT by means of a combination of plantar fascia release, midtarsal osteotomy with cuboid osteotomy and naviculocuneiform arthrodesis, dorsiflexion osteotomy of the first metatarsal, and the Jones procedure.
Materials and Methods
T wenty-four cavus feet in twelve patients (ten male and two female; age, fourteen to twenty-eight years) were included in the study. In each patient, CMTwas confirmed by clinical and neurological evaluation, electromyography, and analysis of the genetic pattern. No patient had undergone prior surgical treatment. The study was authorized by the ethical committee of our institution, and all patients provided informed consent for inclusion in the study.
Clinical Evaluation
Clinical evaluation was focused on the increased plantar arch, plantar flexion of the first ray and secondary heel varus, associated claw toe deformity, and callosities. Alignment of the heel was also noted and quantified.
Neurological evaluation assessed the activity and the strength of each muscle group, assessing muscular imbalance, the presence of muscular atrophy, the range of motion of the foot and ankle, and gait abnormalities (Table II) . Family history of the disease was noted. In all patients, the electromyographic pattern showed a distal decrease of median and/or peroneal motor nerve conduction to <38 m/sec, and molecular analysis showed duplication or point mutation of the PMP22 gene compatible with the disease type CMT1A.
The flexibility of the deformity was assessed by means of the ColemanAndreasi test (the reducibility of heel varus secondary to plantar flexion of the first ray) 26, 27 . According to Sabir and Lyttle, five steps can be identified in the *PF = plantar fasciotomy, MTO = midtarsal osteotomy, Jones = extensor hallucis longus transfer, 1st MT DO = first metatarsal dorsiflexion osteotomy, and Clawtoe = correction of claw deformity of the toes. †Mean of the two feet. ‡This patient, who had the longest follow-up, had the lowest clinical score.
development of a cavus foot of progressively increasing severity 9 ( Fig. 1 ). Our study included only patients with a flexible deformity, with heel varus that was reducible in the Coleman-Andreasi test (Fig. 2) . The grade according to the Sabir and Lyttle method was 2 in two feet, 3 in twelve, and 4 in ten.
The results of the clinical evaluation were summarized with use of the Maryland Foot Score, as we believe that it provides a good overall evaluation of the function of the foot 28 . Results were rated as excellent (100 to 90 points), good (89 to 75 points), fair (74 to 50 points), or poor (< 50 points). Coleman-Andreasi test. Leaving the forefoot to hang freely into plantar flexion, it is possible to obtain reduction of the heel varus secondary to the fall of the first ray.
Radiographic Evaluation
Anteroposterior and lateral radiographs of the ankle and dorsoplantar and lateral radiographs of the foot were made in the standing position. The calcaneal pitch, Hibb (talus-first metatarsal) angle, and Meary (calcaneus-first metatarsal) angle were measured 29 . Degenerative joint changes were also assessed as described by Kellgren and Lawrence 30 . Radiographic evaluation was performed independently by three of the authors. In cases of disagreement, the measurement was repeated by two evaluators together. Only feet without osseous deformities and without degenerative arthritis were included.
Surgical Technique
In all cases, surgical treatment included plantar fasciotomy (Steindler stripping), closed superolateral wedge osteotomy of the cuboid and naviculocuneiform arthrodesis with closed superolateral wedge resection of articular surfaces (midtarsal osteotomy), extensor hallucis longus tendon transfer (Jones procedure), and dorsiflexion osteotomy of the first metatarsal. Associated claw deformity of the lesser toes was also corrected when present (Table III) .
Plantar Fasciotomy
A 2-cm skin incision was made on the medial aspect of the heel, and the plantar fascia was identified. Tension was applied by dorsiflexing the metatarsophalangeal joint, and complete stripping at the origin of the plantar fascia was performed with a scalpel. In this approach, care must be taken to avoid damaging the lateral plantar artery and nerve and the inferior calcaneal nerve (Fig. 3) .
Hindfoot Correction and Stabilization
Before correction of the cavus deformity, manual reduction of heel varus was performed and the hindfoot was stabilized by inserting a 2.5-mm Kirschner wire from the plantar aspect of the calcaneus into the tibia to maintain approximately 5°of heel valgus and 20°of ankle plantar flexion. This permitted planning of the midtarsal osteotomy using the stabilized hindfoot as a fixed reference (Fig. 4) . Intraoperative fluoroscopy confirmed the correct position of the ankle and the correct insertion of the wire.
Midtarsal Osteotomy
A medial approach, approximately 3.5 cm long and centered slightly distal to the navicular prominence, was used for identification and exposure of the naviculocuneiform joint, with retraction of the marginal medial vein and the tibialis anterior tendon. A superolateral wedge resection of the articular surfaces was performed with an oscillating saw. A lateral approach, also approximately 3.5 cm long, was used for identification of the cuboid, with dorsal retraction of the extensor digitorum brevis. The cuboid was exposed, sparing the calcaneocuboid and Plantar fasciotomy through a minimally invasive approach. Care must be taken to not damage the lateral plantar artery and nerve and the inferior calcaneal nerve (Fig. 3-D) . Correction of the heel varus and stabilization of the hindfoot with a 2.5-mm Kirschner wire.
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the cuboid-metatarsal joints. A superolateral wedge resection of the cuboid was then performed to complete the midtarsal osteotomy. Both the naviculocuneiform arthrodesis and the cuboid osteotomy were closed and fixed with a 2.5-mm Kirschner wire (Fig. 5 ).
Dorsiflexion Osteotomy of the First Metatarsal
The base of the first metatarsal was identified through the medial approach. The cuneo-metatarsal joint was spared. A complete osteotomy of the meta-diaphysis was performed with an oscillating saw. The distal stump of the osteotomy was displaced in the plantar direction, approximating the dorsal corner of the diaphysis into the base of the metatarsal, to obtain dorsiflexion of the ray. The osteotomy was fixed with a 2-mm Kirschner wire (Fig. 6 ).
Jones Procedure
The medial approach was used to expose the first ray up to the interphalangeal joint of the hallux, and the extensor hallucis longus tendon was identified. The tendon was freed from its retinacular attachment, detached at the level of the first metatarsophalangeal joint, and basted. A 3.2-mm hole was drilled at the metaphysis Dorsiflexion osteotomy of the first metatarsal.
SURGICAL T R E AT M E N T O F CAV U S F O OT I N CHARCOT-MAR I E -TOOTH D I S E A S E : A REVIEW O F T W E N T Y-F O U R CASES
of the first metatarsal. The tendon was passed through the hole and sutured to itself to form a loop, dorsiflexing the forefoot and applying a moderate tension on the tendon transfer. The final steps were tenodesis of the distal stump of the extensor longus to the extensor brevis and arthrodesis of the interphalangeal joint of the hallux, fixed with a percutaneous Kirschner wire (Fig. 7) .
Postoperative Care
A non-weight-bearing boot cast was applied and maintained for one month. The boot cast and percutaneous Kirschner wires were then removed, and an ambulatory boot cast was applied for another month. After removal of the second cast, active and passive mobilization of the foot and ankle, proprioceptive exercises, and muscle strengthening were advised.
All patients were followed clinically and radiographically at one, two, six, and twelve months after surgery and yearly thereafter. The mean followup was six years (range, two to thirteen years). At the latest follow-up, the results of the clinical evaluation were summarized by means of the Maryland Foot Score and the radiographic measurements were repeated.
Continuous data (Maryland Foot Score and angular measurements) were expressed in terms of the mean and the standard deviation. One-way ANOVA (analysis of variance) for repeated measures was used to analyze differences between the preoperative and latest follow-up time points. A p value of <0.05 was considered significant. Statistical analysis was performed with use of SPSS software (version 15.0; SPSS, Chicago, Illinois). Extensor hallucis longus transfer (Jones procedure).
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Source of Funding
No external funding was received for this study.
Results
N
o intraoperative complications occurred. Two feet had superficial wound dehiscence, which was treated with dressing changes after removal of the first cast.
Mean ankle dorsiflexion was 26°preoperatively and 9°a t the time of the latest follow-up (p < 0.05). Mean ankle plantar flexion was 39°preoperatively and 32°postoperatively (p < 0.05). Mean heel alignment was 6°of varus preoperatively and 1°of valgus postoperatively (p < 0.001). The mean Maryland Foot Score was 72 preoperatively and 86 postoperatively. The postoperative result was rated as excellent in twelve feet (50%), good in ten (42%), and fair in two (8%). One of the patients who rated the result as fair noted occasional pain during prolonged walking. Persistent callosities under the fifth metatarsal, although asymptomatic, were noted in the other patient. At the Fig. 8 Correction of a cavus foot in a twenty-year-old man with CMT. Preoperative (Fig. 8-A) and postoperative ( Fig. 8-B) photographs show a noticeable decrease in the plantar arch and better alignment of the heel. Preoperative and postoperative radiographs (Fig. 8-C ) also show good deformity correction.
latest follow-up, every patient indicated improvement in shoe wear and satisfaction regarding cosmetic concerns. All osteotomies healed, with no observed nonunion or malunion of the osteotomies or the arthrodesis. Mean calcaneal pitch was 34°preoperatively and 24°at the time of the latest follow-up (p < 0.05), the mean Hibb angle was 121°preopera-tively and 136°postoperatively (p < 0.05), and the mean Meary angle was 25°preoperatively and 2°postoperatively (p < 0.05). No progression of degenerative joint changes was noted (Fig. 8) .
Discussion S urgical treatment is recommended for correction of cavus foot in patients with CMT, with early treatment advised in order to deal with a more flexible deformity before degenerative changes occur 11, 15 . As the deformity is a consequence of various abnormalities involving the hindfoot, midfoot, and forefoot, we believe that treatment combining various surgical techniques should be preferable.
Several surgical techniques have been proposed for the correction of the cavus foot; these can be divided into softtissue procedures, osteotomies, and arthrodeses 1, [10] [11] [12] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Softtissue procedures include plantar fascia release and tendon transfers. Osteotomies may be performed on the calcaneus, midfoot, and metatarsus. Generally, interventions involving only the soft tissues have been reserved for mild flexible deformities, whereas osteotomies are used (in combination with soft-tissue procedures) when greater deformity correction must be obtained or when the cavus foot has started to become rigid. Arthrodesis (subtalar, midtarsal, or triple) sacrifices foot supination and pronation, with possible subsequent functional impairment during gait and increased risk of progression of degenerative joint changes involving the ankle and the forefoot 23 . All of the patients in our series presented with a flexible deformity, with the hindfoot still reducible to a neutral or almost neutral position, although the midfoot deformity was rigid. The plantar fascia plays a crucial role in maintaining the height of the plantar arch and varus of the heel. Plantar fasciotomy allows the height of the longitudinal arch to be reduced and the flexibility of the deformity to be increased 1 ; consequently, we believe that this procedure represents the first step in surgical correction of a cavus foot.
Midtarsal osteotomy allowed correction of the main aspect of the deformity, reducing the excess elevation of the plantar arch at its apex. An advantage of midtarsal osteotomy is that it preserves the overall range of motion of the foot, sacrificing only the naviculocuneiform joint, yet results in a more normal range of motion during walking. Before performing this procedure, we advise correcting and fixing the hindfoot with a Kirschner wire across the subtalar and ankle joints, as this allows planning the extent of the midtarsal osteotomy and provides a fixed reference to facilitate more accurate resection of the bone to obtain a more physiologic Hibb angle. Use of this technique in our series allowed the overall range of motion of the foot to be maintained, whereas midtarsal or tarsometatarsal (Lisfranc) arthrodesis would have involved sacrifice of the main foot joints.
The cavus deformity in CMT is characterized by increased activity of the peroneus longus relative to the tibialis anterior, resulting in plantar flexion of the first ray and, indirectly, heel varus and the "tripod effect" 8, 9, [11] [12] [13] [14] . We believe that correction of this functional impairment, in a reducible cavus foot, could resolve secondary varus of the heel and should protect against the risk of relapse of the deformity. With use of the Jones procedure, it is possible to oppose the plantar flexion of the first ray and thus elevate the head of the first metatarsal bone, also indirectly correcting the varus of the heel. Moreover, the Jones procedure allows correction of the cock-up deformity of the hallux. To minimize the risk of relapse of claw deformity if nonunion of the interphalangeal arthrodesis occurs, we usually perform both interphalangeal arthrodesis and tenodesis of the distal stump of the extensor longus to the extensor brevis. In case of severe plantar flexion of the first ray, we advise combining the Jones procedure with dorsiflexion osteotomy of the first metatarsal, resulting in reduction of anterior cavus deformity with better restoration of a physiologic Meary angle. The fact that the improvement in the outcome score was only modest may be attributable to the lack of motor balance.
Calcaneal osteotomies and subtalar and triple arthrodeses have been described for correcting the heel varus 1, [14] [15] [16] 18, 19, 21, 23, 25, 31 . If the heel varus is mainly a consequence of plantar flexion of the first ray, we believe that correction of the anterior cavus by the Jones procedure, combined with dorsiflexion osteotomy of the first metatarsal if necessary, could also correct the heel varus without the need for calcaneal osteotomy or joint sacrifice. Plantar fasciotomy, midtarsal osteotomy, the Jones procedure, and dorsiflexion osteotomy of the first metatarsal permitted adequate correction of cavus foot to be obtained in our series. The combination of these relatively simple surgical techniques in a more complex surgical approach allowed adequate morphologic correction of reducible deformities to be obtained, preserving the overall motion of the foot. Also, correction of the deformity reduced the "tripod effect" and improved the motion and the stability of the ankle. This resulted because the reduced preoperative range of motion of the ankle is a consequence of persistent dorsiflexion of the hindfoot. Symptomatic anterior or anterolateral ankle impingement and degenerative arthritis of the ankle can develop in the late stages of a persistently dorsiflexed and/or varus heel [32] [33] [34] ; therefore, we advise correction of the deformity at early stages to prevent these processes.
If osseous deformities and/or degenerative joint arthritis are already present, we believe that an arthrodesis should be considered. Finally, it is important to remember that surgery neither alters the course of CMT nor improves the prognosis of the disease itself. n
